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In the work of V. V. Solodowmikov (1)2) is reproduced a series of proper—
ties of the real frequency characteristics of a closed loop system by means
(duration)
of which it is possible to produce certain estimates of the }lemgbh of the

transform process and of the amount of regulation. *

'.l'he difﬁeulty c.ns.'mg f‘ra- th' réee of the frequency method is cmoctad_

with the necessity of constructing real frequency characteristics of a closed
loop. These difficulties are 1ncreased considerably if it is necessary to
explain the influence of any parameter on the character of the transfer regime
singo;-t:i:)whole family of real frequency characteristics should be bullt.
In the present work: (1) an effective msthod is given for the construc—
tion of the real and other frequency characteristics of a closed loop by
means of the boundary of the D—subdivision (3), (the curve separating the
stability region on the plane of the complex amplification coefficient);
since the boundary of the D-subdivision is comstructed to study stability
then the pract;l.ca.l constructidn of real frequency characteristics is not

connected with the outlay of time; (2) the possibility is shown of producing

*Note that these estimates are sufficient (not necessary and sufficient)
therefore, in practical application of the method, failure of certain prop—
erties of the mquucy characteristics still d.oo)- m iuo‘ho unsuitable
systems.
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a preliminary estimate of the character of the transform process by means

" of conditions (112) immediately on the boundary of the D—subdivision without

having recourse to the comstruction of real frequency characteristics; (3)
the establishment of how the magnitude of the gemeral coefficients of the
system is comnected to the conditioms (1)2) and a method is given of choosing
the magnitude of the general amplification coefficient without requiring the
construction of a family of curves,

1. Construction of Frequency Characteristics of a Closed loop From the
Boundaries of the D-Subdivision.”

In the sequel, wve will consider the case vhen in a system of autcmatic
regulation a disturbance in the form of a unit impulse with zero initial
conditions is supplied, In this case the amplitude-phase characteristics
of the closed loop may be expressed in the following way:

K(jw) = () (1.1)
14+Ew ( Jow)

where w(jo) = 5(3m) is the equation of the amplitude phase charasteristic
Q(Jw)

of an open loop.

Let us represent formmla (1.1) in another form.
Let us divide numerator and denomimator of the right side of (1.1) by

w(Jo); we obtain

E(o) = s = —E (1.2)
1 + K Q.(.J.‘E). + K
¥(Jo) 5 (o)

*Pfhe D-sublivision separates the region, in the plane of the complex
parameter, with an identical mmber of roots to the left of the imaginary
exis., Here and in the sequel, note that only that part of the boundary
of the D-subdivision is used which separates the stability region.)
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It 1s not difficult o show that 2(2) vith e minus sign represents
5(Jm)
the equation of the boundary of the D-gubdivision (3) with respect to the

*
parameter. ‘Therefore, the characteristic equation may be found from the

relation
1 +Kw(p) =0 (1.3)
Substituting for w(p) its value, ve obtain

1l +Es(p)

)

or

Q(pr) + Es(p) = 0 (1.%)

from vhich the equation of the boundary of the D-subdivision with respect
to K 1is

1€ )] (1.5)
" S(Jm)

Let us explain the geometric semse of equation (1.2). In figure 1 is
shown the curve of the boundary of the D—subdivision with respect to the
parameter K. The letters al separate the regiom of the K walues in vhich
the system is stable, |

The segment ab = K, The segment :ﬁ--—m

S(3my)

for the corresponding frequency m;; and the segment B is the sum of
Q(Jw)

e
K+ . Hence it is clear thattps of the division of the segment aB

S(3m) —
uthe segment 1B gives the amplitule wadue.of (1.2) for a given frequency wj.

*In the work (4) an inverse frequency characteristic is applied to determine the
magnitude of the amplification coefficient, for which there occurs a glven
peak on the amplitude frequemncy characteristic. The D-subdivision with
respect to the general amplification coefficient differs from the inverse
frequency characteristic only by & scale factor.
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Phase of (1,2) will be determined by the argument of the denominator and
for a given frequency equals the angle of rotation of the vestor bY counter—
clockwise, 1.0, the angle ofwy) in figure 1. In the same way, the phase
of (1.2) for any frequency ¢ is fownd immediately from the drawing.

‘ Having the amplitude and phase it is possible /for any frequency, to calcu—
late)by means of the known relations, the real and imaginary frequency charac—
teristic of the closed loop. The specified frequemcy characteristics may be
found considerably simpler immediately from the drawing. Actually, the real

frequency characteristic is found from the equation

Rw) = Hw) cos alw) ’,‘_K,,TI({E—_ cos alw) = -;:%cos a{w) (1.6)
S{Jw)

where H(w) is the amplitude of K(Jv).

Let us drop a perpendicular from the point a on the vector ﬁ; then

the segment
b_g- = a—b- cos aa(a)l) (107)

Therefore, for given frequency the ratio of the segments :;g' b_é gives the

value of the real frequesncy characteristic. To find the value of the real
frequency characteristic for any frequemcy «, (fig. 1) 1t is necessary to

drop & perpendicular from the point a on the line comecting the point b

and «, (in fig. 1, the segment bc); then the real frequemcy characteristic for

this frequency 1s determined from the ratio

by (1.8)
be
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The imaginary frequency characteristic for the frequencies @ and ay
are determined respectively from the division of the segments

g md g 1.
1} 7] be f1.9)
because _
o) = 2L ain alwy) (1.10)
e

In the same way, there may always immediately be comstructed simply all
the frequency characteristics of a closed system of regulatiom,

2., Ceortain Estimates of the Quality of a Tramnsfer Process of a System

by _Means of the Boundary of the D-Subdivisionm.

Let us reproduce the well-known (1,2] properties of the real frequemcy

characteristic and find the equivalent properties with respect to the bowmdary
of the D-subdivision. Simultameously, let us explain how the gemeral coeffi—
cient of amplification of the loop influences the specified real frequency
characteristics.

The following properties of the real frequency characteristic Rw) of
a closed loop system of automatic regulation are well known (1,2].

a. In order for the amownt of regulation

¢ percent = 2—2——?};& X 100 (2.1)

not to exceed 18 percent, it is sufficient (but not necessary) that the fumc—
tion R(w) be a positive non-increasing continuous function, i.e. it should

satisfy the conditioms

®(w) > 0; %"’l <0 (2.2)



-6 -

b. In order that the transfer function x(t) tend momotomically to the
steady value x(») 1t 1s necessary, but not sufficient, to satisfy the
inequality

R(w) <R(0) (2.3)
for all values of .

¢. The functions R(m) baving an interwal of positiveness ‘bc) i.e.
the first intersection of the abscissa‘axis is with the frequency “’c} corre—
spond to transfer functins with time’ of tramsfer process (1,2]

t> i-e (2.4)

d. In the case of nonincreasing continuous functions R(e), permitting
approximation with the aid of trapezoidal frequency characteristics with an
interval of passing frequency oc and with slope coefficient k, <the time
of the transfer process is included between the limits

X oy <l (2.5)
®oc ~ T Boc

e, If the functionn R(w) satisfies the condition

Rlg)|< 0:1
,R(O) < o for ® > ac (2.6)

'h!en, as calculations show, to estimate the amount of regulation and the time
of the transfer process the form of the function R(w) for o > e must not

be taken into account.

*Here and in the sequel the process is comsidered complete when the regulated
quantity differs from its steady wvalue by not more than 5 percent.
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In the sequel we will denote the boundary of the D—subdivision by N(w),
Let us formmiate certain properties ‘of K(w) equivalent to the properties of
the real frequency characteristics represented above,

1. In order that the amount of regulatio::r;;t exceed 18 percent, it is
sufficient, but not necessary, that N(m) satisfy the following conditions
(fig. 2): (A) for increasing frequency from O to « the absolute value of the
vector, produced from the origin to & point on the curve N(m) (the vector
a o) must increase comtinuously; (b) for a given frequency K,, the curve
N(w) mmst not intersect a circle vith cemter at K, and radius equal to K;
(¢) the projection of the vector a é; on the K axis for o ->« must not
exceed K,. it

Consequence 1: In order to fulfill the sufficient condition ef regula—
tion not exceedimg 18 percent, the amplification coefficient of the loop mast

T
not exceed the wmeimt of the redius K, of the circle (fig. 2).

Consequence 2: The regulation will not exceed 18 percent for any amplifi—
cation coefficient if the curve N(w) coincideswith the axis of the K plane
and the whole positive real axis of this plane is a region of stability.

2. In order that the transfer functiom x(t) tend momotomically to the
steady value x(x) it is necessary that the curve N(m) doms not intersect

RY
the circle with radius K, ea center at K, (fig. 3).

| (ad Jus tment )

Consequence: If by means of the condition of aeemmsee¥ the amplification
coefficient of the loop is larger than the radius K,, then the tramsfer
process will nqt be monotonic,

3. The interval of positiveness is defined by the frequemncy w, (fig. %)
where the curve N(o) is intersected by a perpemdicular produced to the

line K..This system has the time of the transfer regime
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h, If in the first part)the curve N(m) is sufficiently close to coin-
cidence with an arc (not greater than 30°) of the circle produced from the
point K, of radius K,, and in the later section, the distance between the
circle and the curve N(o) grows contimmously (fig. 5) then the time of the
transfer process is included between the limits

X ix (2.8)
®eo = T ®Bo

where T is the interwal of positiveness,

_
5. If the absolute value of the vector a @; increases contimuously with

increasing frequency (fig. 6) and % <%—‘-;'-, then as calculations show, to

estimante the amount of regulation and the time of the transfer process the

form of the curve N(m) for o> @, mYy not be taken into accoumt,

\¢ The nature of the particular, formulated properties of the curve K(m)
6!j:esuch that they are immediately related toj’;eneral anplification coefficient
of the loop., For these conditioms, the latter may be chosen such that they
guarantee the fulfillment of these conditioms (if, in general, fulfillment

of the specified sufficient conditioms in a given com;e‘be case is possible),

3. Application of Calculation to a Regulation Systea.

Let us consider the calculation of & system of automatic regulation.
assums
Let us adewt that the object of regulation is a constant current motor

with an independent exciter of 1.5 KVA power anmd 120V-¥oltage. The motor is
. XY
loaded with a static load mmof which is independent of the speed of
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rotation, By the character of the techmological process, the speed of rota—
tion of the motor must be kept constant with an accuracy not less than

0.125 percent; moreover, the system mst admit wide limits of variation e
the steady value of the number of turns, Additiomal techmical requirements
are (a) in the process steady regulations mmst not exceed 10-12 percent with
the condition that the disturbance be given in the form of a unit pulse;

(b) the time of regulation must not exceed 0.6 second. Here let us assume
the regulation process completed when the mumber of turns differs from the

prescribed value by not more than 5 percent.

Choice of Basic Elements of Regulation System
In order to guarantee the possibility of varying the steady number of
turns ‘i«n wvide 'li;its, we will accomplish the regulation action on the wvoltage
of the armature Sf a motor with constant current excitationm.
As a voltege source to supply the motor armature we choose an electro-

machine booster (EMB). This choice is dependent on these characteristics of
case

the EMB which may be used effectively in the comsidered/(large amplification

input
coefficient with respect to voltage and power, very small power on embmy, etc.)

As a measuring element, we choose a tacho-generator, the electromotive force

(e.m.f.) of which is equal to the constant voltage U Between the measuring

2

element and the EMB is included an electronic amplifier. The necessity of the
is specified So
electron amplifier demswmis, first, smeh that the system may possess large
adjustwment
coefficient of amplification by means of the seewraey condition and, second,

that the voltage at the imputnof the tacho-generator dbe proportional to the

turns only in the case vhen it works no-load. With the inclusion of the
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tacho-generator voltage in the cathode circuit of the vacuum tube amplifier

it may be considered that the voltage of the tacho—generator equals its

direct
e.m,f., and that it is etriedly proportiomal to the rotational speed of the

motor,

Let us obtalin a regulating system consisting of the hasic elements
(fig. 7) vhich work in the following way, 'l‘he difference of the tacho—
generetor e.m.f. and the calibration voltage UEJ- is fed to the input of the
electron amplifier. The winding of exciter (EMB) is supplied from the differ—
eﬁce of the output voltage Uy of the amplifier and the calibration voltage
U&:: In the steady regime, the difference Uc_l - €p forms the voltage input
to the EMB wvhich guarantees the oassimme value of the mumber of turns., let
us assume that in the result, the wvariation of loading on mumber of turns

varies, then the e.m.f. € of the tacho-generator varies and correspondingly

T
the difference Usl ~€m which expresses the necessary variation of the volt—

age on the EMB and correspondingly guarantees the proper variation of the number

of turns of the motor.,

Block Diagram of a Regulation System
Let us compose the block diagram of the obtained system of automatic
regulation.
The equation of the motor with a regulated number ‘of its turns acting on

the voltage of an armature with constant stream of excitation may be described

2
(TMTSP +THP+1)n=KUa (3.1)
GD? Rg ‘ Ig
where = IM is the electro-mechanical time constant; TS B ——
375 OCe 92 Rg

is the time comstant of the armature; K = 1/Co® is the amplification
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coefficient,

Independent‘ 7of the walue of the time constants T and Tg eof the motor
it-i-&-pem::o- reyreaum'lg""on;4 oscillatory section or two successive comnec-—
t:&ﬁs» relaxation sections,

In the considered case 'ru = 0,5 second; ‘.I'.'é =b2.01 seco:::.; K=1,

It is not difficult to see that here the motor may represent by two successive
connected relaxation sections with time comstant T; = 0.5 second, T, = 0.0l sec—
ond, Actually, the roots of the left side of the equation (3.1) will be

@ = -2, az = 98, Therefore T, = -1/ay = 1/2 = 0,5 second, and T, = l/ap =
1/98 = 0.01 second.

Let us consider the electro-machine amplifier completely compensated and
consequently it is possible to represent it by two successive connected relax—
ation sections with time constants T; and T, and amplification coefficiemnts
K; and Ks.

In the considered example the time constant of the short—circuited loop
is P> = 0,1 second, and the time comstant of the loop of the EMB exciter is

Ty = 0,1 gecond.” The general amplification coefficient of the EMB 1s K;K»=10,

In figure 8 is represented the block diagram of a system comsisting only
of the basic elements. There is obtained a single-loop system consisting of
four successive relaxation sections, |

The characteristic equation which is obtained as the result of mmltiplying

the operators of the separate sections is written:

(1471P) (14T2P) (1+ToP) (1+4E,P) + K3 K2 K, KKy = 0 (3.2)

L3
The time constant, besides the inductiveness of its excitation winding,
takes into account the inertia of the electron amplifier,
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Here K:3 is the gear ratio of the reducer, joining the shafts of the

motor and tacho-generator; ICy is the coefficient of amplification of the

1 .
anplifier &d‘)uif“h*’"x

With respect to the condition of asewswey the general amplification
coefficient is

Substituting instead of the time constants their values and comnsidering

the general amplification coefficient equal to 800, we obtain:

0.00005 P* + 0.0061 P3 + 0,117 B + 0.TL P + 800 = 0 (3.3)

It is not difficult to show that the system is unstable for this ampli-
fication coefficient.

4, System With An Introduced Stabilizing Section

The system obtained in the preceding paragraph doesn't satisfy the
stability condition, consequently it is necessary to s‘tabilize it., %o do
this we include & stabilizing section in the systenm,

method g,

The most practicable peimb—of-view of accomplishing, technically is the

stabilizing section with operator equation

P
14T P
5

(4.1)

As 1s well knmown [?,6], with the aid of this stabilizing sectiomn, it is
possible to obtain a system which in principle remmins stable for an ampli-
fication coefficient as large as one pleases if two relaxation sections are

connected around it, with sufficiently large coefficients of amplification.




- 13 -

As stabilization sections we choose networks of resistance R and
capacity C and commect them as shown in figure 9. To the input of the
stabilizing section the voltage of the EMB is supplied and the output voltage
of the stabilizing section is fed to the input of the eleciron amplifier,

The block diagram of the full regulation system is represenfed in
“Pigure 10. The stabilization sectiom 1s connected around the first two relax—
ation members commecting the electron amplifier., This scheme with the correct
cholce of the parameters may remain stable for amplification coefficient as
high as one pleases.

Phe characteristic equation of the system is

(1+7,P) (1422P) (142.P) (1+4T,P) (L4TP) + (%.2)

KiKaK, [TsP(L4P)(L4mP) + (40.2) KK, ] = 0

Here the degenerate equation (5,6) will be

TP (14T_P) (147,P) + KK, (I41.P) = 0 (%.3)

and it must satisfy the Routh-Hurwitz conditiom (5)6}.

In equation (k.3) T, and T, are givem quantities. As regards the
time consta(;t T 5 of the stabilizing section and the amplification coefficient
Kz (of the gear ratio of the reducer of the motor shaft to the t:& nerator
sl’n.fi;),‘ it is necessary to choose these quantities, Here considerkthe neces—
sity 61" ébtaining mot-only. stability but the quality of the system,

Let us choose the time comstant of the stabilization section such that

equation (h.3) satisfies the stability condition for any walue of the
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amplification coefficient K K.,

This will occur if
Ta Ty

'25 D —
'r3+ T4

(k.4)

as it is not difficult to confirm immediately by calculations.
In our case

TT
—_B—L—*.Mi)s M = 0,01

let us choose T_= 0.2 second.
There remains for us to choose the amplification coefficients K, K and
K; K> Ky. Let us select the amplification with respect to the voltage of the

electron amplifier: Ky = 20, then K; K> Ky = 10,20 = 200,

Constructing the boundary of the D-subdivision with respect to the gen-
eral amplification coefficient and separating the regiomn of stability, it is
necessary to choose, in this region, that walue of K which, on the one band,
satisfies all conditions of static a.d.juétnent and, on the other hand, satisfies

the qualitative requirements, as formulated in the technical specification.

. the cter of the rOCESsS .,

Let us comstruct a boundary of the D-subdivision with respect to the
general amplification coefficient. The amplification coefficients of the
(%)

EMB and the electron amplifier were chosen“ K; K> Ky = 200, The general

Aoy
amplification coefficient K, =K, K2 Ky K3 K = 200 K; K.

From formula (4.2) the equation of the boundary of the D-subdivision

with respect to the general amplification coefficient may be described as
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. (140.1 J18)%(1+0.01 Joo)(1+40.5 Jw)(1+0.2 Jw)+200%(0.2 Jmw)(1+0.5 Jw)(1+0.01 jo)
14+ 0.2 Jo

K
o

(5.1)
In figure 11 is reproduced the curve of the boundary of the D-subdivision
constructed by means of equation (5.1). The region of the value of the general
amplification coefficient K,, for which the system is stable, is denqted by
the letters glé The largest value of the general amplification coefficient,
for which the system is stable, is K., = 5250, considerably large*:::a*]‘ﬁe‘ of
the amplification coefficient necessary to guarantee the static adjustment

of regulation.

By the technica.-l requirements the general amplification coefficient must
not be less than 800, this is, therefore, the lower bound.

From ﬁgaré 11, it is clear that if the general amplification coefficient
does not exceed 1000, then it is possible, on the basis of property 5 of the
N(®w) curve to discard part of the curve corresponding to the frequencies
® > o®,, We see, moreover, that the circle with radius K = 1000 does not
intersect N(co) and that the initial section almost coincides with 1it.

On the basis of the dftvimsten 1 and 3 it is possible to conclude that
regulation will not be larger than 18 percemt and the time of regulation will

lie between the limits —X-< t< ¥ or in our case 0.125 sec. < t< 0.5 sec.
: ®co ®Beo - -

By the time the process is completed the technical requirement is satis—
fied. It is known that the amount of regulation will be less than 18 percent.
For preciseness and complete mapping we build the transfer process.

In figure 12 is reproduced the curve of the transfer process from which

it is evident that the regulation process is ended by 0.L45 second, and. the
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regulation equals 6 percent, which completely satisfies the technical require—
ments,
CONCLUSIONS

1. There is proved the possibility of applying the boundary of the
D—subdivision for a preliminary estimate of the amount of regulation and the
time of the transfer proces:‘.

2. m method, of estimating the influence of the t of the
general amplification coefficient on the character of the disposition of the

real frequency characteristic of a closed system of automatic regulatiom.
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